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Abstract: It is a relatively new approach to generate tissues
with mammalian cells and scaffolds (temporary synthetic
extracellular matrices). Many tissues, such as nerve, muscle,
tendon, ligament, blood vessel, bone, and teeth, have tubu-
lar or fibrous bundle architectures and anisotropic proper-
ties. In this work, we have designed and fabricated highly
porous scaffolds from biodegradable polymers with a novel
phase-separation technique to generate controllable parallel
array of microtubular architecture. Porosity as high as 97%
has been achieved. The porosity, diameter of the microtu-
bules, the tubular morphology, and their orientation are con-
trolled by the polymer concentration, solvent system, and
temperature gradient. The mechanical properties of these
scaffolds are anisotropic. Osteoprogenitor cells are seeded in
these three-dimensional scaffolds and cultured in vitro. The
cell distribution and the neo-tissue organization are guided
by the microtubular architecture. The fabrication technique
can be applied to a variety of polymers, therefore the deg-
radation rate and cell–matrix interactions can be controlled
by the chemical composition of the polymers and the incor-
poration of bioactive moieties. These microtubular scaffolds
may be used to engineer a variety of tissues with anisotropic
architecture and properties. © 2001 John Wiley & Sons, Inc.
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INTRODUCTION
One of the goals of tissue engineering is to create
biological alternatives to harvested tissues and organs
for transplantation.1 Scaffolding plays a crucial role in
the three-dimensional neo-tissue formation.2–4 Syn-
thetic biodegradable polymers are attractive candi-
dates for scaffolding fabrication because they do not
carry the risk of pathogen transmission and immuno-
rejection, and because they degrade and resorb after
fulfilling the scaffolding function, therefore eliminat-
ing the long-term inflammation and complications as-
sociated with foreign body reactions.5–8 Each tissue or
organ has its characteristic architectural organization,
which is closely related to its physiological function.
Many organs and tissues have tubular or fibrous
bundle architectures. The technology to fabricate
single tubular structure at the macro-size scale (a mil-
limeter or larger) such as vascular grafts are available
although the development of perfect vascular grafts is
still challenging. We report the fabrication of novel
biodegradable polymer scaffolds of an organized ar-
ray of open microtubules with a phase-separation
technique. We have demonstrated the control over the
microtubule size, porosity, architecture, and mechani-
cal properties with compositional and processing vari-
ables. These novel scaffolds possess anisotropic me-
chanical properties. The mechanical properties along
the longitudinal direction of microtubules are signifi-
cantly better than those along a transverse direction to
the axis of the tubules. We have further demonstrated
that the microtubular architecture can guide cell seed-
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of approximately 1.6 (except where indicated differently)
and 1.4 were purchased from Boehringer Ingelheim (Ingel-
heim, Germany). Poly(D,L-lactic acid-co-glycolic acid) (75/
25) (PLGA75/25) with an inherent viscosity of 0.5–>0.6 was
purchased from Medisorb Technologies International (Cin-
cinnati, OH). The PLLA or PLGAs were dissolved in either
benzene or dioxane (both from Aldrich Chemical, Milwau-
kee, WI) to form solutions with desired concentrations. The
scaffolds with isotropic pore architecture were fabricated
similarly to a procedure previously described for dioxane
systems.9 Briefly, a glass beaker or Teflon vial containing the
polymer solution was transferred into a freezer set to a cho-
sen temperature to induce solid-liquid phase separation. For
the oriented microtubular scaffolds, the phase separation
was performed with a uniaxial temperature gradient. To
achieve this directional temperature gradient, the beaker
side was wrapped with a layer of thermal insulating mate-
rial to reduce the heat transfer through the side wall, and the
beaker was set on top of a block of metal in a freezer to
increase the heat conduction along the longitudinal direc-
tion. The phase-separation temperature was −20°C unless
indicated differently in the text. The phase-separated poly-
mer/solvent systems were then transferred into a freeze-
drying vessel at −5° to −10°C in an ice/salt bath, and was
freeze-dried under vacuum (pressure lower than 0.5 mmHg)
for 2 weeks. The dried scaffolds were then kept in a desic-
cator until characterization or usage.
Structure/property characterization
The density and porosity were determined using a
method similar to that reported previously.6 A cube (5 × 5 ×
5 mm) was cut out of a scaffold sample. The volume was
calculated from accurately measured dimensions, and the
mass was measured with an analytical balance. Six speci-
mens of each scaffold were measured to calculate an average
density Df. The porosity « was calculated from the measured














where Xc was the degree of crystallinity determined with
differential scanning calorimetry as described elsewhere.6
For PLLA, Da = l.248 g/mL (density of amorphous polymer)
and Dc = 1.290 g/mL (density of 100% crystalline polymer).
The densities of the amorphous copolymers PLGA85/15
and PLGA75/25 were 1.27 and 1.30 g/mL, respectively.
The scaffold architectures were examined with scan-
ning electron microscopy (SEM) (S-3200N; Hitachi, Tokyo,
Japan) at 15 kV. The specimens were coated with gold us-
ing a sputter coater (Desk-II; Denton Vacuum Inc., Moores-
town, NJ).
The diameters of the microtubules were measured from
SEM micrographs. More than 40 microtubules were mea-
sured to calculate an average diameter. The percentage of
ladder-like microtubules in each specimen was calculated
also from SEM micrographs. For each scaffold, at least 40
microtubules were examined. The ratio of the number of
tubules with ladder-like architecture to the total number of
microtubules examined (open tubules + ladder-like tubules)
was calculated.
The compressive mechanical properties of the scaffolds
were measured with an MTS mechanical tester (Model: Syn-
ergie 200; MTS Systems Corporation, Cary, NC). Cubic
specimens with a side length of 5 mm were compressed with
a crosshead speed of 0.5 mm/min. For samples with aniso-
tropic pore architectures, the load was applied in the direc-
tion either parallel to the tubular axis (longitudinal direc-
tion) or perpendicular to the tubular axis (transverse direc-
tion). The compressive modulus was determined from the
initial linear region of the stress-strain curve, and the yield
strength was determined from the cross point of the two
tangents on the stress-strain curve around the yield point. At
least six specimens were tested for each sample, and the
averages and standard deviations were graphed. A one-tail
Student’s t test (assuming unequal variances) was per-
formed to determine the statistical significance (p < 0.05).
Tissue culture
The thawed MC3T3-E1 osteoprogenitor cells (clone no. 4,
a well characterized cell line that is known to synthesize
bone matrix proteins,10,11 was generously provided by Dr.
R. Franceschi at the University of Michigan) were cultured
in a supplemented ascorbic acid-free a-MEM (Formula no.
94-5049EL, 10% fetal bovine serum, 50 U/mL penicillin, and
50 mg/mL streptomycin) in a humidified incubator at 37°C
with a CO2/air ratio of 5:95. The medium was changed ev-
ery other day. The cells of passages 3 or 4 were seeded onto
the PLLA scaffolds. The viability of the cells before seeding
was higher than 90% determined with the trypan blue ex-
clusion assay.
The porous PLLA disks (with isotropic or anisotropic ar-
chitectures) with a diameter of 10 mm and a thickness of 1.5
mm were prepared from a 5% polymer solution (in either
benzene or dioxane). These scaffolds were assembled on the
bottoms of custom-made 12-well Teflon culture plates with
a well diameter of 10 mm. The scaffold-containing culture
plates were sterilized with ethylene oxide. The sterilized
PLLA scaffolds (assembled in the wells) were soaked in
ethanol for 30 min, and then exchanged with phosphate
buffered saline three times (30 min each). The scaffolds were
then washed with a “complete medium” (a-MEM, 10% fetal
bovine serum, 50 U/mL penicillin, 50 mg/mL streptomycin,
and additional 50 mg/L of L-ascorbic acid) two times (2
h/each). The medium was then decanted and 2 million cells
(suspended in 0.5 mL of the complete medium) were seeded
on each scaffold. The cell-scaffold constructs were cultured
on an orbital shaker (Model 3520; Lab-Line Instruments,
Melrose Park, IL) at 75 rpm in the humidified incubator. The
medium was changed two times a day (0.5 mL) for 2 days.
After the 48-h cell seeding, the cell-scaffold constructs were
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removed from the Teflon plates and transferred into 6-well
tissue culture plates. The constructs were cultured with the
complete medium on the orbital shaker at 75 rpm in the
humidified incubator. Four-milliliter medium was used for
each construct and the medium was changed every other
day. The cell-scaffold constructs were harvested after 4
weeks in vitro and fixed in 10% neutral buffered formalin.
Paraffin-embedded disk specimens were cut into 5-mm thick
cross-sections, and stained with von Kossa’s silver nitrate.
RESULTS
Microtubular architecture
The processing parameters, such as temperature
gradient, polymer type, solvent type, and the concen-
tration of polymer solution, were studied for their ef-
fects on the architectural features of the scaffolds.
When a temperature gradient was maintained uniaxi-
ally during the thermally induced phase-separation
process, the characteristic architecture of an array of
parallel microtubules was achieved [Fig. 1(a–e) and
(g–i)]. When the temperature gradient was not uni-
axial, the pore architecture was randomly oriented
[Fig. 1(f)]. At a very low polymer concentration, in-
complete tubular architecture (with ribbon- and fiber-
like features) with minimum mechanical strength was
formed [Fig. 1(a)]. At suitable polymer concentrations,
the architecture of an array of parallel open microtu-
bules was achieved [Fig. 1(b,c,e,g). The cross-sections
of the microtubules were polygons with 3–7 sides [Fig.
1(e)]. At a very high polymer concentration, the result-
ing scaffolds had an oriented ladder-like (parallel mi-
crotubules with thin partitions) architecture [Fig.
1(d)]. The polymer type (PLLA vs. PLGA: semi-
crystalline polymer versus amorphous polymer) did
not have a significant effect on the formation of the
microtubular architecture [Fig. 1(c) vs. (g)]. As the con-
centration of the polymer solution was decreased, the
porosity of the formed scaffolds was increased (Table
I). Porosity as high as 97% was achieved with the scaf-
folds of open microtubular architecture. The porosity
of the scaffolds was not significantly affected by the
directional temperature gradient (tubular architec-
ture), polymer type, or solvent type used (Table I).
Increasing polymer concentration and phase-
separation temperature favored ladder-like tubule for-
mation over the open tubular architecture (Table II).
The diameter of the tubules decreased with increasing
polymer concentration in the low concentration range,
but leveled off above 5% (Table III). The diameter of
the tubules increased with phase-separation tempera-
ture (Table III). The polymer type and molecular
weight (viscosity) did not show significant effect on
the diameter of the tubules (Table III).
The solvent type showed a clear effect on the micro-
architecture of the polymer scaffolds: benzene favored
the open tubular structure formation whereas dioxane
favored the ladder-like structure formation [Fig. 1(c,e)
vs. (h,i)]. This was likely because of the nature of the
solid-liquid phase separation, i.e., the crystallization of
the solvent to control the architecture formation. The
pore geometry was determined by the crystallized sol-
vent, which was subsequently sublimated to form the
pores.9 A possible reason for benzene and dioxane to
result in different pore architectures (open tubular vs.
ladder-like) might be the difference of the melting
points of these two solvents. Because dioxane has a
higher melting point (Tm = 11.8°C) than benzene (Tm =
5.5°C), the polymer/dioxane solution has a higher de-
gree of super-cooling than that of the polymer/
benzene solution at the same phase-separation tem-
perature (−20°C), which might have resulted in differ-
ent solvent crystallization kinetics (faster nucleation
and slower growth of the dioxane crystals in the poly-
mer/dioxane system) and therefore the different pore
architectures of the porous materials. Another pos-
sible reason might be that the different polymer-
solvent interactions led to different viscosities of the
systems, which affected the phase-separation kinetics.
The third possible reason might be that the different
crystal structures of the two solvents contributed to
the differences in the tubular architecture. These fac-
tors could have individually or conjointly resulted in
the architectural differences of the scaffolds from the
two different solvents.
Mechanical properties
The architectural anisotropy led to anisotropic me-
chanical properties of the microtubular scaffolds (Fig.
2). Both the compressive modulus and the yield
strength of a scaffold with microtubular architecture
were significantly greater in the longitudinal direction
than in a transverse direction (p < 0.05 for all samples).
The scaffolds of isotropic architecture showed isotro-
pic mechanical properties, which fell in between those
of the longitudinal and transverse directions of the
oriented microtubular scaffolds of the same polymer
and polymer concentration (Fig. 2). Both the compres-
sive modulus and the compressive yield strength in-
creased with polymer concentration for both the iso-
tropic and anisotropic scaffolds as expected [Fig.
2(a,d)]. With the same polymer concentration used,
the PLLA scaffolds had significantly higher modulus
and yield strength than the PLGA copolymer scaffolds
[Fig. 2(b,e)] in both longitudinal and transverse direc-
tions likely because of the crystallinity and higher mo-
lecular weight (inherent viscosity) of the PLLA used.
The two different oriented architectures (open micro-
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tubular and ladder-like) of the scaffolds resulting from
the two different solvents used (benzene and dioxane)
also led to differences in mechanical properties. The
modulus of the PLLA scaffolds of parallel open mi-
crotubular architecture (benzene as the solvent) was
slightly higher than that of the scaffolds with a ladder-
like architecture (dioxane as the solvent) in the longi-
tudinal direction [Fig. 2(c)], though not statistically
significant, p = 0.39). The modulus of the scaffold with
parallel open microtubular architecture was signifi-
cantly lower (p = 0.029) than that of the scaffold with
ladder-like architecture in a transverse direction [Fig.
2(c)]. Similarly, the yield strength of the scaffold with
the open tubular architecture was significantly higher
(p = 6 × l0−
5
) than that of the scaffold with ladder-like
architecture in the longitudinal direction whereas the
yield strength of the scaffold with open tubular archi-
tecture was significantly lower (p = 0.006) than that of
the scaffold with ladder-like architecture in a trans-
verse direction [Fig. 2(f)]. The better mechanical prop-
erties of the scaffolds with ladder-like structure in the
transverse direction were likely due to the contribu-
tion of partitions perpendicular to the tubule axis (par-
allel to the transverse direction). The lower mechanical
properties in the longitudinal direction of the scaffold
with ladder-like architecture were likely due to the
reduced total cross-sectional area of the tubular walls
because a certain amount of polymer was taken by the
partitions.
In vitro tissue formation
To test how cells and new tissue organization re-
spond to the three-dimensional architecture of the
scaffolds, MC3T3-El cells were seeded on the scaffolds
of the same polymer (PLLA) and of the same porosity
but with different three-dimensional architectural fea-
tures (Fig. 3). The cell distribution followed the archi-
tectural features. After 4 weeks of in vitro culture, the
cells in the open microtubular scaffolds were orga-
nized along the oriented tubular directions to form
oriented neo tissue [Fig. 3(a)], which was somewhat
similar to dentin or long bone in tissue architecture.
The cells and the neo tissue in the scaffold of the lad-
der-like structure were organized along the ladder-
like architecture [Fig. 3(b)]. The cells and the neo tissue
in the scaffold of random orientation were randomly
distributed [Fig. 3(c)]. Repeated histological analyses
suggested that the neo-tissue formation was more en-
hanced in the scaffolds of tubular architectures than in
those of random pore architecture, which could have
resulted from the improved mass transport or/and
cell–cell interactions.
DISCUSSION
It is well recognized that scaffolding plays a critical
role in tissue engineering. There are active research
activities in studying the effects of patterning material
surfaces on cell organization in two-dimensional mod-
els.12–14 Research in this area has led to significant new
understandings in cell–matrix interactions. However,
in the body, cells are surrounded by cells and the ex-
tracellular matrix in a three-dimensional environment.
There is little understanding of cell–cell interactions
and cell–matrix interactions in these three-dimen-
sional systems. This work has demonstrated that cells
pattern and organize themselves following the archi-
tectural clues in the synthetic biodegradable polymer
scaffolds in three dimensions.
Many tissues, such as nerve, muscle, tendon, liga-
ment, vasculature, bone, and teeth, have organized
fibrillar or tubular architectures. In this work, we have
successfully created biodegradable polymer scaffolds
with the architecture of a parallel array of open mi-
crotubules, and have demonstrated how to control the
Figure 1. SEM micrographs of porous PLLA and PLGA
scaffolds prepared with their solutions in benzene and di-
oxane using a phase-separation technique. (a) 1.0% (wt/v)
PLLA/benzene, uniaxial temperature gradient, longitudinal
section; (b) 2.5% (wt/v) PLLA/benzene, uniaxial tempera-
ture gradient, longitudinal section; (c) 5.0% (wt/v) PLLA/
benzene, uniaxial temperature gradient, longitudinal sec-
tion; (d) 10.0% (wt/v) PLLA/benzene, uniaxial temperature
gradient, longitudinal section; (e) 5.0% (wt/v) PLLA/
benzene, uniaxial temperature gradient, cross-section; (f)
5.0% (wt/v) PLLA/benzene, nondirectional temperature
gradient; (g) 5.0% (wt/v) PLGA(85/15)/benzene, uniaxial
temperature gradient, longitudinal section; (h) 5.0% (wt/v)
PLLA/dioxane, uniaxial temperature gradient, longitudinal
section; (i) 5.0% (wt/v) PLLA/dioxane, uniaxial tempera-
ture gradient, cross-section.
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architectural parameters such as porosity, diameter of
the tubules, and the formation of partitions in the tu-
bular architecture with the processing parameters
such as polymer concentration, solvent type, and tem-
perature gradient. As demonstrated with the osteo-
blastic cells in this work, other cell types also are likely
to follow the architectural clues of the scaffolds to
form fibrous bundle or microtubular architecture in
these novel scaffolds in vitro and in vivo.
The fabrication technology described in this work is
versatile and has the general applicability to other
polymers. It has been demonstrated that the solvent
type plays a more important role than the polymer
type in determining the micropore architecture. The
biodegradability can be controlled by designing or se-
lecting the right chemical structure of the polymer to
obtain the desired degradation rate without signifi-
cantly affecting the scaffolding architecture if the sol-
vent type and the temperature gradient are main-
tained the same. Similarly, the surface properties of
the scaffolds such as hydrophilicity, charge type,
charge density, biological functionality may also be
manipulated by designing or selecting the right
chemical structure and functionality of the polymers.
The internal surfaces of the porous scaffolds may also
be modified post-scaffold fabrication. The technology
may also be used to fabricate scaffolds of polymer
blends, mixtures, and composites with the desired mi-
crotubular architectures. Therefore, the technology
can be used to fabricate matrices with both cell deliv-
ery and bioactive molecule delivery capabilities. The
new microtubular architecture may serve as superior
scaffolds for the engineering of a variety of tissues
with fibrillar or tubular architectures.
To guide peripheral nerve repair, for example, tubes
made of natural and synthetic materials have been
used.15–18 However, a large hollow tube is not as ef-
fective as tubes filled with oriented fibrous19 or tubu-
lar20 materials. The new fabrication technology devel-
oped in this work can create the parallel multi-tubule
structure in a one-step phase-separation process. The
polymers are biodegradable and biocompatible. The
TABLE I












PLLA Benzene 2.5 −20 Tubular 0.038 97.0
PLLA Benzene 2.5 −20 Random 0.037 97.1
PLLA Benzene 5.0 −20 Tubular 0.078 93.8
PLLA Benzene 5.0 −20 Random 0.074 94.1
PLLA Benzene 7.5 −20 Tubular 0.105 91.7
PLLA Benzene 7.5 −20 Random 0.110 91.3
PLLA Benzene 10.0 −20 Tubular 0.140 88.9
PLLA Benzene 10.0 −20 Random 0.141 88.8
PLLA Dioxane 5.0 −20 Tubular 0.084 93.3
PLLA Dioxane 5.0 −20 Random 0.084 93.4
PLGA (85/15) Benzene 5.0 −20 Tubular 0.079 93.7
PLGA (85/15) Benzene 5.0 −20 Random 0.074 94.1
PLGA (75/25) Benzene 5.0 −20 Tubular 0.086 93.5
PLGA (75/25) Benzene 5.0 −20 Random 0.073 94.2
TABLE II
Percentage of Microtubules with Ladder-Like











PLLA 5.0 −20 13.0
PLLA 7.5 −20 40.4
PLLA 10.0 −20 48.5
PLLA 12.5 −20 54.9
PLLA 15.0 −20 63.5
PLLA 5.0 Liquid N2 0
PLLA 5.0 −10 30.5
TABLE III

















PLLA 1.6 2.5 −20 96.3
PLLA 1.6 5.0 −20 61.5
PLLA 1.6 7.5 −20 61.2
PLLA 1.6 10.0 −20 54.9
PLLA 1.6 12.5 −20 54.7
PLLA 1.6 15.0 −20 59.1
PLLA 1.6 5.0 Liquid N2 28.2
PLLA 1.6 5.0 −10 71.5
PLLA 1.6 5.0 0 113.4
PLGA (85/15) 1.4 5.0 −20 54.1
PLLAa 1.0a 5.0 −20 57.9
aThis PLLA has a different inherent viscosity than that of
the PLLA used for other scaffolds.
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Figure 2. Compressive mechanical properties of porous PLLA and PLGA scaffolds prepared with their solutions in benzene
and dioxane using a phase-separation technique. (a) Modulus of scaffolds with tubular or random pore architecture prepared
from PLLA/benzene solutions of varying concentrations; (b) modulus of scaffolds prepared from 5.0% (wt/v) PLLA/benzene
or PLGA/benzene solution with tubular or random pore architecture; (c) modulus of scaffolds prepared from 5.0% (wt/v)
PLLA/benzene or PLLA/dioxane solution with tubular or random pore architecture; (d) yield strength of scaffolds with
tubular or random pore architecture prepared from PLLA/benzene solutions of varying concentrations; (e) yield strength of
scaffolds prepared from 5.0% (wt/v) PLLA/benzene or PLGA/benzene solution with tubular or random pore architecture;
(f) yield strength of scaffolds prepared from 5.0% (wt/v) PLLA/benzene or PLLA/dioxane solution with tubular or random
pore architecture. Notes: L, loading direction is parallel to the longitudinal direction; T, loading direction is along a transverse
direction; R, scaffolds with random pore architecture.
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porosity and pore size can be controlled. The fabrica-
tion technology has the potential to incorporate bioac-
tive factors, and the scaffold can be designed for the
growth of nerve-supporting cells such as Schwann
cells. Therefore, the scaffolds can be tailored into syn-
thetic conduits for nerve repair.
Many tissues with anisotropic structures such as
tendon, ligament, muscle, bone, and dentin also have
anisotropic mechanical properties. We have demon-
strated the anisotropic mechanical properties of these
microtubular scaffolds, which might match the me-
chanical properties better to those of the tissues to be
replaced or repaired.
In summary, with the capability of controlling a va-
riety of chemical and architectural features of the open
microtubular scaffolds, the new scaffolding technol-
ogy can be used to generate tailor-designed scaffolds
for the engineering of a variety of oriented tubular or
fibrillar tissues. The technology may also be used to
fabricate novel porous materials (from degradable or
nondegradable polymers) for other biomedical and in-
dustrial applications such as wound dressing, con-
trolled release, substrate for biological and chemical
reactions, extracorporal devices (e.g., artificial kidney),
filtration membrane, insulating, packaging, and me-
chanically damping materials.
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